The nuclear shell model assumes an effective mean-field plus interaction Hamiltonian in a specific configuration space. We want to understand how various interaction matrix elements affect the observables, the collectivity in nuclei and the nuclear level density for odd-A and odd-odd nuclei. Using the sd and pf shells, we vary specific groups of matrix elements and study the evolution of energy levels, transition rates and the level density. In all cases studied, a transition between a "normal" and a collective phase is induced, accompanied by an enhancement of the level density in the collective phase. In distinction to neighboring even-even nuclei, the enhancement of the level density is observed already at the transition point. The collective phase is reached when the singleparticle transfer matrix elements are dominant in the shell model Hamiltonian, providing a sign of their fundamental role.
Introduction
In the framework of the nuclear shell model, an effective Hamiltonian is used in order to describe the nuclear properties in a certain region of the nuclear chart.
The Hamiltonian can be derived either from a theory of a deeper level or by a phenomenological fit to experimental data; in practice one often has to combine these approaches. The good agreement with the data has rendered the shell model a powerful tool of nuclear spectroscopy.
The spectroscopic predictions in the framework of the shell model come from the large-scale diagonalization. Practical necessity to truncate the orbital space may require the corresponding renormalization of the interaction and transition operators. The truncation limits the excitation energy below which the shell model predictions can be reliable (even if we leave aside the continuum decay thresholds). However, the practically useful region in many cases already covers the excitations relevant for laboratory experiments and for astrophysical reactions. The shell model also correctly predicts statistical properties of nuclear states. Therefore it was used as a testing ground for many-body quantum chaos [1] . In the following, we explore the effects of specific components of the effective shell-model interactions on the properties of nuclear spectra, and identify the patterns related to the effects of certain parts of these interactions.
In particular, we study the qualitative changes of nuclear observables similar to phase transitions which appear as a function of the interaction in the same shellmodel framework. In this way we expect to better understand the relationship between the input effective Hamiltonian and the nuclear output.
The nuclear level density given by the shell model is sensitive to the specific features of the interaction. There are successful applications of the shell model to the prediction of the level density which is a necessary ingredient for the physics of nuclear reactions [2, 3, 4, 5, 6, 7] . The traditional Fermi-gas models are based on the combinatorics of particle-hole excitations near the Fermi level [8, 9, 10] , with the resulting level density growing exponentially with energy. In order to account for the effects of pairing [11, 12] or other interactions of collective nature [13, 14] , various semi-phenomenological or more elaborate self-consistent meanfield approaches [15, 16] have been developed. The shell model Monte Carlo approach, for example [17] , is close in spirit with the shell model, but may have problems with specific interactions and keeping exact quantum numbers.
The shell model Hamiltonian inherently includes pairing and other collective interactions. Along with that, matrix elements describing incoherent collisionlike processes are present as well. Taking them into account consistently, we come to the level density that, in agreement with data, is a smooth function of excitation energy. Being still limited by truncated space, this approach does not require prohibitively large diagonalization. The regular calculation of the first statistical moments of the Hamiltonian is sufficient for reproducing the realistic level density.
In this work we study the evolution of simple nuclear characteristics under the variation of the values of certain groups of matrix elements in order to link these matrix elements to the emergence of collective effects in nuclei. This work can be considered as an extension of [18] where we limited ourselves to even-even isotopes. Here we study the behavior of odd-A and odd-odd nuclei in the same mass regions under the variation of interactions. This provides an additional insight on how the presence of unpaired fermions affects the changes of nuclear spectral observables and the level density. As will be seen, the effects of the variation of the matrix elements in nuclei with unpaired fermions change the nuclear observables in a strong and systematic way. As a result of the shift of rotational and vibrational excitations to lower energy, the level density reveals the collective enhancement.
Matrix elements responsible for collectivity
In the case of the sd shell-model space, there are three single-particle levels (orbitals), 1s 1/2 , 0d 5/2 , 0d 3/2 , and 63 matrix elements of the residual two-body interaction allowed by angular momentum and isospin conservation. Similarly, for the pf shell, there are four single-particle levels, 0f 7/2 , 1p 3/2 , 0f 5/2 , 1p 1/2 , and 195 matrix elements of the two-body interaction. The two-body matrix elements naturally fall into three categories labeled by δ = 0, 1, 2 depending on how many particles (zero, one or two) change their orbitals as a result of the interaction process. We will show that a special role defining the mean-field shape is played by the "one unit change", δ = 1, matrix elements.
It is known [20, 21] that even a random (but keeping in force angular momentum and isospin symmetry) set of matrix elements in a finite orbital space results in the energy spectrum and properties of stationary states which carry certain analogies to realistic nuclei. This is essentially a manifestation of the Fermi statistics and symmetry properties of the orbital space for a given particle number with averaging over multiple interaction acts. Artificially changing the reduced matrix elements − intensifying some interaction processes and weakening others − one can find the interaction landscape responsible for specific features of individual nuclei or their groups.
In a recent study [22] conducted in the shell-model space 0f 7/2 , 1p 3/2 , the matrix elements allowed in this space were varied randomly in order to identify those realizations of the random interaction ensemble which give rise to prolate axial deformation. Among the matrix elements involved, those most important are the δ = 1 matrix elements, which are responsible for the mixing of different single-particle spherical orbitals of the same parity (|∆ℓ| = 2) in the process of quadrupole deformation. Taking this result into account, the authors in [18] separated the interaction Hamiltonian into two parts, one containing the δ = 1 matrix elements and another one for the remaining matrix elements. By varying the relative strength of matrix elements of these groups, a quantum phase transition was found in even-even nuclei, both in the sd and pf spaces, namely a transition from spherical to deformed shape. The signals of the transition are the regularities of the lowest yrast energies, including the energy ratio R 4/2 , the reduced B(E2) transition probabilities between these levels, and the amplitudes of the components of the wave functions. [24] .
In what follows we explore the effect of the δ = 1 matrix elements in odd-A and odd-odd nuclei in the sd and pf shells. With the same approach, we will search for signs of a quantum phase transition.
Quantum phase transition
Nuclear structure models have long provided theoretical tools for analyzing quantum phase transitions [24, 25, 26] . Quantum phase/shape transitions usually occur when the Hamiltonian of the system is known to have distinct limiting dynamical symmetries [27, 28, 29, 30, 31, 32] , revealed in the observables of the system by varying a control parameter interpolating between the limiting cases. In the framework of the shell model, pairing and other collective effects are integrated in the two-body interaction and the variation of one group of matrix elements with respect to the others is expected to help better understand the role of certain interaction processes in the final properties of nuclear observables.
To be sure that our versions of the shell model using the standard values of interaction matrix elements are quite realistic, we first demonstrate the quality of the description of nuclear data from the results of the full diagonalization for an odd-odd nucleus 26 Al with rich experimental information, see Table 1 .
Simulating the quantum phase transition in the shell-model framework, we use now a Hamiltonian of the form,
where h contains the single-particle energies, which will be kept fixed, and λ is the control parameter that varies the values of the δ = 1 matrix elements, V 1 , and the remaining (δ = 0 and 2) matrix elements, V 2 . Varying λ from 0 to 1 in steps of 0.1, we study the evolution of observables revealed in the chosen 
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We have checked that keeping h constant while varying the other terms of the Hamiltonian, doesn't affect the qualitative results.
In even-even nuclei the λ dependence of the energies presents a minimum just for the first few yrast low-energy levels. A similar behavior was seen in pairing phase transitions analyzed through the specially constructed entropy [24] . In contrast to that, here the minimum persists up to high energy values. For yrast, To check how the single-particle energies affect this result we repeated the calculations after decreasing or increasing the spacings between them. For example, in one case we reduced these spacings by a factor 1/2, while in another one we increased them by a factor 1.5. We found that there is always a minimum at a critical value of λ which persists for all calculated excited states.
The displacement of single-particle energies affects slightly the position of the minimum of energies as a function of λ. With smaller spacings, the mixing by the δ = 1 interaction is effectively stronger, and the original (supposedly deformed) phase survives longer, the phase transition (minimum) appears at larger values of λ. For instance, in 26 Al the minimum of the energies appears closer to λ ∼ = 0.4 instead of λ ∼ = 0.3, while when the single-particle energies are rarefied, the minimum appears earlier, for smaller λ value (λ ∼ = 0.2).
Another indicator of the phase transition is the behavior of the multipole transition probabilities. In Fig. 3 the reduced transition probabilities B(E2;2 26, 28 Al, 30 P and B(E2;(5/2) In order to find the order of the phase transition we check for discontinuities at the first and second derivatives of the ground state energies. We will discuss all the results, however we will only show pictures of 26 We look at the wave function, proton and neutron spin decomposition and at the single-particle orbital occupancies to understand the structure of the ground state before and after each spike of its second derivative. Starting with 26 Al, before the first minimum, which appears at λ =0.07, the wave function consists of 10% contributions of protons and neutrons coupled to angular momenta (J n , J p ) = (5, 5), (1, 1) and (9, 9) and 20% of (3, 5), (5, 3) components. Trying to see how deformation changes as a function of λ, we calculate the quadrupole moment for 26, 28 Al, 30 P with the results also shown in Fig. 6 . It is apparent that the details of the interaction change abruplty the quadrupole moment which behaves differently in those three nuclei. However, in all cases, at the point where the ground state changes its character from mixed to pure, the quadrupole moment has its maximum value, droping to smaller values for λ closer to 1. Therefore, the general trend is that, for λ values closer to one, the deformation is snaller than for λ values close to zero. There is a principal difference between the nuclear models, mainly algebraic, where the quantum phase transitions are studied, and the framework we used to induce a quantum phase transition. In the first case, a system is moving between two well defined symmetries, while in our case the two groups of matrix elements are not directly related to any explicit symmetry. The results, though,
show clear signs of a qualitative change in all studied observables of nuclei, as a function of λ. There is no unique critical value of λ where this qualitative change takes place, as the interaction affects different nuclei differently. However we clearly see a coherent behavior of various observables in different nuclei.
Level density
To evaluate the level density up to high excitation energy we use the moments method in its current form [6, 7] which is based on our knowledge that the density of states for an individual partition is close to a Gaussian [2, 3, 9] . For a shell-model Hamiltonian that contains a mean-field part and a residual twobody interaction, the total level density is found by summing the contributions of all interacting partitions using Gaussians:
In this expression, α combines the quantum numbers of spin, isospin and parity, while p numbers partitions (various distributions of fermions over single-particle orbitals); D αp is the dimension of a given partition and G αp is a finite-range Gaussian, defined as
where
Here, C is the normalizing factor, dx G(x; σ) = 1, and η is a finite-range cutoff parameter [4] , whose value for this study is set to 2.8. The characteristics of the finite range Gaussians are determined by the ground state energy E g.s. and the moments (traces) of the considered Hamiltonian.
For a given partition, the first moment of the Hamiltonian is the centroid, E αp , the mean diagonal matrix element,
The second moment is the dispersion of the Gaussian, σ αp ,
This is where the mixing of the partitions, due to the interaction processes, is accounted for. The calculation of the moments is done directly by the Hamiltonian matrix, thus avoiding large matrix diagonalizations.
The total level density found by the moments method is in good agreement with the results of the full shell-model calculations. This is illustrated by the example of Fig. 7 . For more details on the moments method, as well as comparison with shell model calculations, experimental results, and Fermi-gas phenomenology, we refer to the previous publications [5, 6, 7] . Through the modification of the level density, the highly excited states keep memory of the phase transition that happened at lower energy and transmitted pronounced effects high along the spectrum. The behavior of the level density as a function of λ is different from the case of even-even nuclei [18] . There the level density was falling as a function of λ, though there was a clear enhancement of the level density for the cases with the deformed nuclear spectra compared to the vibrational ones. Also, the behavior of the level density did not change when considering higher energy states. In the current study, the level density increases up to the transitional point and then decreases strongly till λ = 1.0.
In Fig. 8 and Table 2 , not only do we observe the enhancement of the level density in the collective phase of the nuclear system, but we also find the signs of collective enhancement at the transitional point itself.
The number of levels was calculated using the moments method for excita- In this study, the phase transition is not limited to the ground state and the first few excited levels, but it persists up to the very end of the calculated spectrum. The persistence of the signs of the phase transition from the ground state up to high excitation energy, revealed from the behavior of the excited energy levels and the level density, indicates the proliferation of signatures of the quantum phase transition beyond the ground state. In distinction to the pairing phase transition that is very clear in the ground and pair-vibration states [24] but disappears or becomes a very smooth crossover in excited states of a small Fermi-system [34] , here many excited states evolve similarly to the ground state showing essentially the restructuring of the whole mean field. The extension of the quantum phase transition description to high degrees of excitation has been under extensive research for various many-body models [35, 36, 37, 38, 39] . This is the first indication of an excited quantum phase transition in the framework of the shell model.
Discussion
In this paper, we studied the evolution of the nuclear observables under the variation of the values of the matrix elements of the shell-model Hamiltonian, keeping the exact global symmetries unchanged. Using the two-body residual interaction, we divided the Hamiltonian into two parts, one containing the "one unit change", δ = 1, matrix elements, and one containing the rest of two-body matrix elements. By varying the entrees of the first group in counterphase to the others, we search for the resulting behavior of observables in various nuclei.
The nuclei studied were odd-A ( We concentrated on the signals of evolution in the energy spectrum and transition probabilities, the structure of the stationary wave functions, and the level density in order to search for the signs of coherent behavior dictated by the variation of the effective many-body Hamiltonian.
Earlier [18] the similar instruments were applied to even-even nuclei where it was found that a quantum phase transition occurs in the structure of the first yrast levels, namely the transformation between rotational and vibrational phases as it was possible to conclude from the evolution of typical observables.
In the current case, a transition between a collective and a non-collective phase is more pronounced. The δ = 1 matrix elements are indeed carriers of collectivity, acting more strongly on unpaired fermions. As a result, this transition extends up to the whole spectrum, providing evidence of the collective enhancement in the level density. This is seen already at the transitional point being preformed
by the unpaired and freely interacting particles. In this group of nuclei, the first example of an excited-state quantum phase transition is found in the shell-model framework. Appendix A. Tables 
